INTRODUCTION
The senior design capstone course is the most important experience for engineering students during their undergraduate academic careers. The capstone course prepares students for industry and graduate school by challenging student teams to solve openended real-world problems (1) . Typically, during their entire senior year, a student team defines a problem, plans their approach, develops an innovative solution, analyzes and validates their solution, and communicates their results internally and externally (2) . These activities result in a wide variety of soft and hard skills that are rarely taught in traditional engineering courses.
Due to the multidisciplinary nature of the biomedical engineering field, students must possess biomedical engineering knowledge and skills as well as the innovation and inquiry practices of scientists (3) . That is, those seeking to succeed and contribute to science, technology, engineering, and math (STEM) fields need to not only know the technical knowledge, but they also need to be able think creatively and innovatively when approaching problems This paper describes the BioEngineering, Innovation, and Entrepreneurship (BioENGINE) program in the Department of Biomedical Engineering at the University of California, Irvine. A senior design capstone course, the BioENGINE program focuses on solving real-world biomedical engineering problems with an entrepreneurial mindset. Introduced in 2015, the program has successfully prepared over 326 students (approximately 108 students per year) to engage in technology commercialization and enterprise building. Despite the program's youth, there has been significant success in better preparing undergraduate engineering students from various disciplines interested in the health care industry to engage in medical device design and commercialization. The unique multidisciplinary approaches, both at the student and mentorship levels of the program, have provided undergraduate students with a strong breadth of knowledge as well as the necessary innovative and practice components required of biomedical engineering positions in today's current market. With continuous improvement, the BioENGINE program may come to serve as a roadmap for other capstone courses and help them to become more successful in preparing future engineering leaders and innovators. and addressing challenges. In addition, employers in STEM fields have identified that it is important to be able to actively learn (i.e., learn on the job), think critically, complexly solve problems, and think using the design process (4) . Unfortunately, many of those entering the field continue to come in with a strong breadth of knowledge but lack the innovative and practice components required for STEM jobs (5) .
To improve how students master biomedical engineering knowledge and scientific concepts while performing medical innovation and practicing their skills during their capstone course, we have developed an experiential BioEngineering, Innovation, and Entrepreneurship (BioENGINE) program in the Department of Biomedical Engineering at the University of California, Irvine (UCI). Designed using components from the successful postgraduate Biodesign program at Stanford University (6, 7) , BioENGINE prepares students to develop innovative health care solutions, biomedical devices, and wellness technologies to improve the lives of people in their communities and across the globe. Through rigorous team-based training and the experiential learning that BioENGINE offers, students from various engineering disciplines learn how to design medical devices and technologies while gaining in-depth expertise and hands-on skills. Unlike other programs modeled on the Biodesign program at Stanford University, the BioENGINE program is offered to all engineering students in order to incorporate multidisciplinary team science into both industry and non-industry sponsored projects. Furthermore, a team of multidisciplinary mentors-scientists, clinicians, engineers, and entrepreneurs-is provided to students throughout all stages of the program.
RELATED WORK
Senior capstone courses have existed at engineering schools for many years. This is mainly due to accreditation organization ABET's emphasis on providing an open-ended course with an accumulated background of other course components (8) . Schools try to meet this need by developing capstone courses that focus on providing students with experience in solving real-world open-ended engineering problems. Typically, engineering design teams or individuals are led by a faculty mentor to develop a solution for a specific project. Educators and industry stakeholders consider this experience a critical step in preparing students for future jobs (9) , and since many find that teamwork is a critical skill to succeed in the professional world, many capstone courses require students to accomplish a design project in a team setting.
Successful Components of Capstone Courses
In addition to requiring students to work in teams on the project, there are several other components to a senior capstone course that lead to successful design team experiences. First, prior studies have found that the coaching role of the instructors is essential to the success of the project (9, 10) . The mentor provides invaluable support, collaboration, and interest in the success of the team. In order to do so, they must have an understanding of the basic design process (as described in Figure 1 ) and how it relates to the invention process (1), namely the three "I's" in the process: Identify, Invent, and Implement. The students identify a clinical need and research existing solutions, invent through a brainstorming and prototyping process, and implement by redesigning and finding the optimal solution to meet the clinical need (Figure 1 ). To accomplish this process, students need to understand how teams function, and instructors and mentors need to emphasize their role as mentors, rather than instructors or consultants, and provide periodic discussions with their teams. Furthermore, other studies (11, 12) have found that team independence leads to increased responsibility of team members for project outcomes, so mentors should be available for issues related to the design process but should leave the decision-making to the teams.
Feedback and evaluation from the instructors are other critical components of a capstone course. For instance, if evaluation is only conducted at the end of the project, there is little effect on the students (13) . However, if evaluations are performed at the midpoint of the project as well as the end of the project, students experience an increased team awareness of their performance. This, in turn, leads to more self-correction and motivation during the second half of the course, which promotes successful project completion (14, 15) .
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Other factors that improve the success of capstone courses and student performance on projects include setting up appropriate deadlines and milestones. By providing deadlines and milestones, teams who meet their milestones are able to accomplish more challenging project objectives as confidence and trust within the team is stimulated (12) . Even for those teams who do not meet their milestones, the deadlines and milestones can serve as an early warning sign of project failure and thus motivate the students to catch up to the other teams. Finally, team building exercises also are believed to improve the success of capstone courses, especially at the team formation stage (11, 16) , as these activities facilitate communication among team members and a shared understanding within the team. Shared understanding is an important factor for team performance, as high-performing teams typically have a high level of shared understanding throughout the entire design process (Figure 1 ) (17) . Furthermore, a decrease in shared understanding in the later stages of the design process (e.g., during evaluation of the solution, communication of the solution, or the redesign process) is likely to disrupt the overall design process (15) , resulting in poor performance and project incompletion. Detailed sketches of designs, especially during the later stages of the design process, can also improve the team's shared understanding on the design project. As a result, instructors of capstone courses should pay close attention to the design sketches produced by the teams during their periodic evaluations and encourage them to include as much detail as possible to improve the team's shared understanding and thus team performance.
Current Issues in Capstone Courses
Although there have been many successful capstone courses designed by schools throughout the U.S. (8) , several studies have identified important issues that have been frequently reported by engineering capstone courses. One issue that consistently arises in capstone courses is the identification of projects. ABET provides guidelines for engineering capstone project selection, suggesting that these courses should do the following: 1) promote the development of student creativity, 2) use open-ended problems, 3) use Feedback and evaluation from the instructors are other critical components of a capstone course. For instance, if evaluation is only conducted at the end of the project, there is little effect on the students (13) . However, if evaluations are performed at the mid-point of the project as well as the end of the project, students experience an increased team awareness of their performance. This, in turn, leads to more self-correction and motivation during the second half of the course, which promotes successful project completion (14, 15) .
Other factors that improve the success of capstone courses and student performance on projects include setting up appropriate deadlines and milestones. By providing deadlines and milestones, teams who meet their milestones are able to accomplish more challenging project objectives as confidence and trust within the team is stimulated (12) . Even for those teams who do not meet their milestones, the deadlines and milestones can serve as an early warning sign of project failure and thus motivate the students to catch up to the other teams. Finally, team 182 KING ET AL. design methodology, 4) incorporate the formulation of design statements and specifications, 5) provide opportunities to evaluate alternative solutions, 6) allow students to evaluate design feasibility, and 7) provide opportunities to consider economic factors, safety, reliability, aesthetics, ethics, and social impact (9, 18) . These guidelines require project topics to be carefully selected so that there is an appropriate level of challenge to promote student engagement and motivation (11) . However, finding projects that meet these guidelines can be difficult without support from industry sponsors or other faculty in the department.
Another issue frequently cited in capstone course articles is the composition and formation of teams. Typically, teams are formed through either student self-selection, random assignment, or systematic instructor assignment (19) . Each of these methods has its own benefits and pitfalls, and the choice of method often depends upon the nature of the course design. For example, student self-selection leads to students feeling more responsible for their final performance, thus improving team cohesion, trust, and cooperation (20, 21) . Conversely, systematic instructor assignment may provide more control over criteria such as students' experience level with different aspects of a project, personalities, educational backgrounds, and known conflicts with other students, which may lead to improved team outcomes, including project completion (22) . Finally, random assignment is the most frequently used technique, as it takes the least amount of time to form teams; however, this method does not guarantee balanced skills or personalities among team members (23) . This lack of balance can result in feelings of unfairness that can negatively affect team performance (24) . On the other hand, systematic instructor team assignment can be more time-consuming, and self-selected team assignment can lead to excessive homogeneity and convergent behaviors that can undermine team outcomes (25, 26) . Thus, these methods were carefully reviewed, tested, and examined during the implementation of the BioENGINE program to improve team science of multidisciplinary engineering design projects (27) .
The final issue that is typically encountered is the need to find multidisciplinary engineering design projects that emphasize technical or professional practice (19) . Technical practice refers to the students' ability to use technical knowledge to solve problems, whereas professional practice refers to non-technical skills such as interpersonal and communication skills (9) . Studies have shown that incorporating professional practice in capstone projects has led to better preparation of students for the professional environment (28) . To accomplish this, capstone design teams should be multidisciplinary, and, ideally, the projects should be supported by industry.
The BioENGINE program described below incorporates multidisciplinary team science, industry and non-industry sponsored projects, and a multidisciplinary mentoring team of clinicians, engineers, and industry sponsors for each of the student projects. The entrepreneurial aspects of the course enhance these factors by guiding students through the commercialization process with their projects while maintaining the practice of using technical knowledge to solve real-world biomedical engineering problems. The following sections will describe the curriculum in detail along with its unique solutions to the above issues commonly found in engineering senior capstone courses.
PROGRAM OVERVIEW
The BioENGINE program in the Department of Biomedical Engineering at UCI was designed to incorporate all of the aforementioned components that have led to successful capstone courses while alleviating issues found in other capstone curricula. To accomplish this, the program incorporates multidisciplinary team science and mentorship into the commercialization process through several course modules and assignments. Specifically, in a start-up environment through the three-quarter capstone class, undergraduate BioENGINE student teams are mentored and supported by faculty, physicians, industry sponsors, inventors, and seasoned entrepreneurs across multiple disciplines to learn the critical skills for successfully translating technologies from engineering laboratories to the bedside. Breaking down the silos within academia and, more importantly, between academia and industry, this approach is designed to help catalyze the translation of technology from the engineering research laboratory to clinical relevance.
To improve the real-world industry experience of multidisciplinary teams, we have expanded this course to be open to all engineering students at UCI. Specifically, students majoring in mechanical engineering, electrical engineering, materials science, and computer engineering are able to enter the BioENGINE program as a substitute for their own department's senior design capstone course. This has allowed those students interested in the field of health care to apply their unique engineering skills to real-world biomedical problems.
In addition to teaching engineering design, great emphasis is placed on developing professional practice through the commercialization of the projects. Professional skills that are highlighted throughout the course include project management, leadership training, teamwork, technical communication skills, and networking skills, such as sharing of knowledge to influence and help others. These skills are developed by having student teams conduct systematic meetings with instructors as well as with engineering, clinical, and industry/entrepreneurial mentors throughout different stages of the course, as described in Figure  2 above.
Curriculum
During fall quarter, students attend several lectures that introduce them to the design process, the Food and Drug Administration (FDA) approval process, and the commercialization process. They conduct several homework assignments that require students to approach their problems with an entrepreneurial mindset, i.e., being able to recognize opportunities in the marketplace and understand how to capitalize on them. In addition to homework and lectures, students also attend several grand rounds in various medical departments, including pediatric pulmonology, pediatric cardiology, neurosurgery, plastic surgery, surgery, integrative medicine, and neurology. By providing clinical observationship in a wide breath of medical fields, students are exposed to a wide variety of potential biomedical engineering applications and are able to better perform clinical needs exploration. Furthermore, students also attend grand rounds at several industry-sponsored sites, such as Edwards Lifesciences and KT Health Services, LLC, providing experiences in both the clinical and industry fields of medicine.
During the winter quarter, activities are focused around project progress and preparatory skills development for spring quarter project progress activities, such as developing a business model canvas, performing prototype verification and validation, and assessing potential failure modes. To help guide the design process, students are required to meet with instructors and mentors regularly to assess their performance and receive feedback and suggestions for project completion. Although all student teams meet with their mentors regularly (once a week), instructor feedback is important to maintain open communication across all stakeholders of the project and provide technical and professional guidance. Meetings during this quarter have been found to be integral to project success (13-15), as feedback sessions improve self-correction, motivation, and successful project completion.
During spring quarter, emphasis is placed on project completion and commercialization. To this end, student teams meet regularly with all mentors and instructors and are encouraged to finalize and validate their working prototypes. Professional skills are also emphasized, as students are required to present, create posters, and deliver elevator pitches in a variety of different engineering and business venues. They are then able to submit their final business model plans to various business plan competitions (e.g., DEBUT business competition by VentureWell, https://venturewell.org/debut/ or the UCI Beall 
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Center for Innovation and Entrepreneurship New Venture Competition, https://merage.uci.edu/ research-faculty/centers/ innovation-entrepreneurship/new-venture-competiton.html). They also submit their final engineering designs and prototypes to an undergraduate engineering conference (Undergraduate Research Opportunities Program Symposium, http://www.urop.uci.edu/symposium. html). Furthermore, students are required to build a company website (as described in the "History to Date" section below) to further market their project ideas and to encourage future commercialization. Lastly, the projects are highlighted at the BioENGINE Final Awards Symposium, an event at which students present their working prototypes, final design posters, and a two-minute business plan pitch to an outside board of faculty, physicians, industry sponsors, inventors, and seasoned entrepreneurs who are not involved in any of the projects. At the symposium, students compete for a $15,000 fellowship to continue commercialization of their products as well as $1,000 design awards for best engineering designs and prototypes.
The BioENGINE program culminates in both engineering and business designs, highlighting these design processes and their integration through the external and internal competitions mentioned above. The program also offers students both technical and professional practice through these competitions by having students develop prototypes and business plans that are disseminated to a wide audience, ranging from the general public to engineers and entrepreneurs. By the end of the course, the program is able to provide students who are dedicated to pursuing a start-up company automatic entry into the Wayfinder Incubator Program, a highly selective UCI-affiliated startup program designed to accelerate venture development (29) . The Wayfinder program provides students with $15,000 in start-up capital funds; access to mentors, venture capitalists, and start-up resources; workshops and learning experiences; collaborative workspace; conference rooms and amenities; and invaluable opportunities to build relationships and gain exposure in the heart of innovation and entrepreneurship in the Orange County area. A highlight of some of the successful companies that have been generated as a result of the BioENGINE and Wayfinder programs are described in the "History to Date" section below.
Course Learning Outcomes
As seen in the curriculum described above, the BioENGINE program aims to put into practice the skills and engineering tools students have been developing throughout their undergraduate programs in order to design strategies and solutions for real-world biomedical engineering problems. To this end, students learn start-up methodology by learning how to do the following: 1) identify medical challenges to solve; 2) recognize opportunities; 3) perform ideation; 4) understand ethical implications behind their decisions; 5) assess manufacturability and failure modes; 6) develop and protect intellectual property; 7) file for FDA product approval; 8) create go-to market strategies; 9) implement design principles; and 10) practice communication skills. Building off of the principles and course structure outlined in the course textbook for the Stanford Biodesign program, each of the course learning outcomes (CLOs) described in Table 1 has been created to allow students to practice the three "I's" of medical device innovation: Identify, Invent, and Implement (6).
To practice the "Identify" phase of medical innovation, students perform needs finding and screening by aiming to accomplish CLOs 2, 3, and 4 described in Table 1 . In order to perform the "Invent" phase, students aim to accomplish CLOs 5, 9, 11, and 12. Finally, to conduct the "Implement" phase during the BioENGINE program, students aim to accomplish CLOs 6, 7, 8, and 9 as they implement both their business and engineering strategies to develop successful prototypes and business model plans. CLOs 1 and 10 are practiced throughout the entire "three I's" process (6), as these are professional skills necessary for accomplishing all other CLOs.
ABET Student Outcomes Mapping
The CLOs and curriculum activities of the BioENGINE program described above map to several ABET student outcomes. In particular, using the new student outcomes effective for the 2018 cycle, the BioENGINE program meets the following ABET student outcome criteria (30): (a) an ability to apply knowledge of mathematics, science, and engineering; (b) an ability to design and conduct experiments, as well as to analyze and interpret data; (c) an ability to design a system, component, or process to meet desired needs within realistic constraints such as economic, environmental, social, political, ethical, health and safety, manufacturability, and sustainability; (d) an ability to function on multidisciplinary teams; (e) an ability to identify, formulate, and solve engineering problems; (g) an ability to communicate effectively; (h) the broad education necessary to understand the impact of engineering solutions in a global, economic, environmental, and societal context; (j) a knowledge of contemporary issues; and (k) an ability to use the techniques, skills, and modern engineering tools necessary for engineering practice. It can be noted that the BioENGINE program has a significant impact on accreditation for the biomedical engineering undergraduate program, as it meets most of the ABET student outcomes.
Administration
Implementation of the course curriculum and its CLOs requires rigorous project selection, team formation, and mentor recruitment, such that the program improves upon the issues and successes of capstone courses described in the "Related Works" section above.
Project Selection
In order to satisfy ABET's suggestions for engineering capstone project selection (18) while creating potential for commercialization, instructors recruit industry sponsors, entrepreneurs, and faculty who have filed provisional patent applications for biomedical engineering technologies. This is accomplished by collaborating closely with UCI's tech transfer office and patent officers. Furthermore, in order to elucidate how the intellectual property will be used and developed, as well as how future commercialization will be performed by all parties, students, mentors, and sponsors are all required to sign an informed participation agreement prior to participating in the BioENGINE program.
The informed participation form highlights the awareness that students may be developing prototypes based in part on their mentor's research and 1 Demonstrate leadership and teamwork skills in a project team environment.
2
List and de ne the various steps in bringing a biomedical product from concept to market.
3
Identify the realistic constraints of the team project.
4
Identify and assess challenges in each of the steps.
5
Articulate the impacts of the project in a global, economic, environmental, and societal context.
6
Design and conduct experiments to verify team projects requirements.
7
Use knowledge in mathematics, statistics, biological sciences, physical sciences, and engineering to solve the problems at the interface of engineering and biology whenever required.
8
Use the appropriate computer tools to design, model, simulate, and/or operate the team projects.
9
Apply engineering principles and practices to meet the challenges.
10
Demonstrate oral communication skills in presenting team projects.
11
Establish initial contacts with major local biomedical engineering companies.
12
Demonstrate knowledge of contemporary issues related to biomedical engineering.
that they may develop new inventive material that could be the basis for new intellectual property. Inventorship for such intellectual property will be required to follow U.S. patent law and may result in students being added as joint inventors on the work or possibly being named as sole inventors on a project. In addition, in order to protect intellectual property during dissemination of their projects at various competitions and conferences, such as presenting at the DEBUT business competition by VentureWell or at the BioENGINE Final Awards Symposium, students and mentors are required to work with their licensing officers prior to presenting their work. Finally, the informed participation agreement establishes an awareness among mentors that students may potentially form a company around the technologies developed through the Wayfinder program described in the "Curriculum" section above. It is important that an agreement and clear expectations regarding intellectual property-related projects be provided to all parties prior to engaging in the BioENGINE program, as it provides necessary protection of intellectual property developed both by the mentors and student teams.
Team Formation
As mentioned in the "Related Works" section, team formation is a critical component to successful project completion in capstone engineering courses (19) (20) (21) (22) (23) (24) (25) (26) (27) . As a result, the BioENGINE program has explored both student self-selection and systematic instructor assignment (19) . It was found that using a combination of these techniques allows students to improve team cohesion, trust, and cooperation while improving team outcomes, such as project completion (20) (21) (22) . To this end, instructors utilize team assessments, such as the Target Training International Indigo Assessment (31), to identify behaviors, motivators, professional skills, and social emotional perceptions that are aligned with those of a team leader. Representatives from the Target Training International Indigo Assessment also provide students with team science training prior to team formation and team leader identification. Once the instructor identifies the team leaders, the leaders can choose their members to create teams of four to six students (32) based on project interest, engineering discipline, and social behaviors. This combination of instructor and student-driven selection of teams has led to a significant improvement in project completion success, as highlighted in the "History to Date" section below.
Mentor Recruitment
As previously mentioned, the mentor team consists of instructors, faculty, physicians, industry sponsors, inventors, and seasoned entrepreneurs across multiple disciplines. For each project, a mentor team consists of an engineering mentor, clinical mentor, industry or entrepreneurial mentor, and an instructor mentor. By providing student teams with a team of mentors, who are required to meet regularly with the students as well as with each other, multidisciplinary team science is generated on both the student and mentor levels (27) .
Faculty Recruitment
Faculty who serve as engineering mentors in the BioENGINE program must be able to provide technical guidance for the project. This requires mentors to meet regularly with student teams as well as with clinical, industry, and entrepreneurial mentors. In order to find mentors who have availability to meet regularly with mentors and student teams, as well as sufficient coaching experience to promote student learning of the engineering design portion of the project, instructors recruit seasoned faculty who have previously served as BioENGINE or other capstone senior course mentors. They are given a document that highlights the required expectations and time commitment and outlines how potential intellectual property will be handled in the event that the students create new inventive materials. Mentors are required to sign the informed consent document described in the "Project Selection" section above. It is important to find faculty mentors who are able to actively support collaboration and design processes throughout the project duration in order to achieve project completion by the student teams.
Industry Recruitment
Similar to faculty, industry sponsors and mentors must also sign informed consent and agree to provide regular meetings with both the student teams and . These sponsors not only provide support for the program but also projects and mentorship to the students. In addition to our sponsors, students who have previously completed the BioENGINE program and are now working in industry are also recruited to act as industry mentors. These individuals provide students with a unique near-peer mentorship experience that holds significant benefits for both the mentee and mentor, such as developing a sense of belonging by connecting to role models from similar groups (33) .
Clinician Recruitment
Physicians, hospital staff, and other health care professionals provide clinical guidance and scientific feedback to student teams and other mentors, as their expertise is necessary to identify unmet clinical needs. Through collaboration with UCI's School of Medicine Medical Innovation Institute (MII), physicians who are actively engaged in innovative activities and technology development are recruited. These physicians not only provide clinical guidance but also provide projects, advice, and additional tools and concepts students need to acquire in order to understand the user population of the project. In addition to attending regular meetings and providing guidance, physician mentors also provide students with invaluable clinical observation experiences in their clinics or laboratories. This allows students to be able to see first hand the clinical need for their project's technologies and the unique design constraints for applying their technology to real-world clinics and hospitals.
History to Date
Introduced in 2015, the BioENGINE program has successfully prepared over 326 students (approximately 108 students per year) to engage in technology commercialization and enterprise building. Examples of student projects include a label-free way to detect the health of embryos preimplantation for in-vitro fertilization, a handheld imager to track the effectiveness of chemotherapy for breast cancer, and a rapid way to activate stem cells from fat for wound healing. A full list of the projects and their descriptions for each year are described in Tables 2, 3 , and 4. As seen in the tables, projects focused on a wide variety of health care topics, ranging from neurology to veterinary medicine. In addition, students were asked to create company names to further encourage commercialization of the product as well as marketing, which was used to create their website domain. Specifically, the websites for each project that have been developed since the program's inception can be found here: http://www.projects. uci.design/.
As of spring 2018, five start-up companies have formed as a result of the BioENGINE program's projects through the Wayfinder Incubator Program. One of these companies, Syntr Health Technologies, has even secured its own National Institute of Health Small Business Innovation Research grant funding. Selected images from this project are shown in Figure 3 .
In addition to tracking commercialization success of the program, a comprehensive assessment survey was also conducted in 2018 to determine whether the BioENGINE program has improved student confidence to enter industry, academia, or government or to pursue entrepreneurial companies. Furthermore, technical and professional skills were also assessed, such as those related to general engineering design processes, business, marketing, entrepreneurship, project planning, and teamwork. Finally, entrepreneurial success for the 2017 to 2018 school year was assessed by determining how many student teams filed records of inventions, filed provisional patents, or have plans to start a company after graduation.
As seen in Figure 4 , out of 110 student responses, 91 believed that they felt more confident in pursuing their careers after completing the BioENGINE program. Furthermore, many students mentioned in the survey that they had used several of the technical and professional skills developed during the program in their new careers, particularly professional skills such as leadership, communication, project planning, marketing, and dissemination. For instance, as noted in the comments below, students mentioned that they were able to develop the professional skills needed for industry, one even mentioning that they used the 188 KING ET AL. materials developed in the course in an interview. Student comments included: "It [the BioENGINE program] helped me work as a team which therefore helped me realize how important communication and maintaining synergy is. " "I think it helped me learn teamwork skills and how to complete projects. " "Yes, because it taught me some team management skills, general business skills, and effective pitching and public speaking. " "I think I learned the most about working with a small team during this course. A lot of engineering I have experienced involves small teams assigned to tasks together and this definitely helped prepare me for that. " "I used my 90 second pitch during my interview haha. Senior design provided a lot of documented work that I could show off at interviews etc. Public speaking definitely improved, although I was team leader so I did many pitches. I wish there was more applicable engineering skills though. "
Technical skills mentioned included use of software tools, fabrication processes, and validation testing. These included the use of various software tools, such as data acquisition (e.g., LabVIEW (National Instruments, Austin, TX)), data analysis (Matlab, Mathworks, Natick, MA), and computer-aided design software (SolidWorks, Dassault Systèmes, Waltham, MA). In particular, students mentioned that:
"It [the BioENGINE program] helped by exposing me to multiple areas of engineering design process from very beginning to the prototype stage. It is a very rare experience to see how companies get to the stage they are by successfully building a prototype that is completed and functional. " "…hugely in regards to working with a team and doing what is already done in industry. Gained specific experiences with software and other techniques (SolidWorks or LabView)…" "This project gave me more opportunities to work with Solidworks. " Motion-monitoring technology to reduce the risk of injury to the knee. Kneed Technologies A system that produces hardware and bone fragments that are customizable and completely bioresorptive.
OsteoForge Medical
A light and portable device to suppress tinnitus that uses neurostimulation via earphones.
Null Hub
A quantitative malaria Rapid Diagnosis Test kit able to detect parasite lactate dehydrogenase.
BioDesign
A novel cast design that ues premade casts to shorten physician application time.
Cast Forward
A noninvasive device that delivers phosphenes through electrical brain stimulation to visually impaired users.
Lumisense
Method for a continuous positive airway pressure device for sleep apnea using novel nose bud technology.
Cura ow
Innovative high heel shoe design to mitigate health issues associated with long wear of high heels.
Anavasi
A modular micro uidic platform using a unique LEGO-inspired design to allow users to develop their own micro uidic devices.
TGroup Micro uidic Solutions
Elecgtromyogram wearable device for athletics that provides real time data and graphs.
Hang2gether
A wrist-worn wearable activity monitor and app for children to set and track tness goals.
Ohana
Medication compliance device that encourages adherence through reminder noti cations and pill administration detection.
Dispensus
A device that screens the embryo before in-vitro implantation to predict its changes of resulting in successful birth.
Embrylux
A device to improve food safety for those with gluten intolerance by detecting the amount of gluten present.
Kamp-G Technologies
A noninvasic device for physicians to analyze moles for skin cancer using a speci c structured illumination technique.
Illume Medical
A biomechnically compatible prosthetic limb for dogs with underdeveloped hind legs.
K9 BioWalk
A real-time chemotherapy monitoring device that allows for monitoring of breast tumors on a metabolic level.
Opticom
An innovative tissue processing system that is able to dissociate fat tissue and active embedded mesenchymal stem cell tissue.
Syntr Health Technologies
Project's "Company" Name Description An ergonomic crutch suitable for prolonged use that also minimizes trips and slips over a variety of common surfaces.
YCrutch
A platform for combining intravascular ultrasound and optical coherence tomography imaging to allow for high resolution and deep penetration.
Octivus
A novel endoscope design that provides a standard white-light view and a novel blood ow sensing view for real time images of blood ow patterns beneath the tissue surface.
Lazrostics
A point-of-care device that objectively diagnoses dry eye by quantifying tear lm thickness.
Eyecon
A wearable interface for recording brain signals to control functional electrical stimulation devices for restoration of movement in paralyzed limbs.
BrainCheck
A low-cost handhelp optical imaging platform to quantitatively assess burn wounds.
Salux Diagnostics
A device that assists the heart in a circulatory-isolated scheme without the need to surgically modify heart chambers.
Helix-8
A wearable device that continuously monitors respiratory function to predict the onset of asthma attacks in children.
Selva
A platform that generates micro-nano bubbles to enrich the oxygen content of a solution delivered to a wound site to promote healing BubMed A device that detects an intracranial hemorrhage in an acute primary care situation.
Sensenimum Medical
A novel method to create vascularization in 3D-printed tissues using dissolvable, sacri cial material and molding techniques.
Regenerat3d
A low-cost micro uidic platform that is able to sort and characterize cells for diagnostics of cells.
Lacoustic
A themorcycling enabled pneumatic control system that can be used to perform polymerace chain reaction on customized microfuidic cartridges.
Ampli ed
A micro uidic platform that provides a controlled environment for nerve tissue cultures and electrophysiological examination of neuronal interactions.
Neurogami
A system that provides 3D visual representation of the brain of a patient to aid in surgical planning to treat epilepsy using 3D-printed models of the brain from acquired images.
Voxel
An integrated micro uidic and biosensor device that can sensitively detect drug-resistant bacteria from biological samples in a culture-free manner.
3D ImaGene
A single-cell-based screening device for cancer cells that uses an inverted oating droplet array to take a large population of cells and sort them singly and then screen for target B cells.
BioDrop
A wearable sensor module that provides electrical tactile simulation using sensed pressure, temperature, and vibration sensation information for those with prosthetic limbs.
ReFeel
Project's "Company" Name Description A rapid blood test platform for assessing type of stroke using a paper-based blood test.
OnSite Diagnostics A personalized concussion detector for athletes competing in high-impact sports that uses an earpiece to detect motion and heart rate variability and determines whether an individual has su ered a concussion in real time.
Artifacts
A sensing mouth guard for concussion and sub-concussion detection in high contact sports by detecting accelerometry and heart rate in real time.
Guardian MB
A rapid parasite detection device that detects the prescence of malaria from a saliva sample rather than blood.
Paranostics
A novel syringe design that prevents air from entering the syringe during dosing.
HumbleTech
A wearable wristband blood pressure monitoring device that can measure blood pressure continuously in real time.
Slapband
A novel handheld imaging device that utilizes spatial frequency domain imaging to detect pressure ulcers.
eia Optics
An at-home apnea monitoring device for premature infants that uses a wireless wearable breating monitor coupled with haptic stimulation to encourage breathing during an apnea episode.
Pneumal Life
A customizable 3D bioprinter for pharmaceutical development that has a modular design and rotating print head platform to allow for interchangeable syringe heads.
Syroto Bioprinters
A targeted reinforcement system that guides infants with peripheral nerve injury through rehabilitation.
Lodestar Innovations
A noninvasive cooling mechanism for a novel laser therapy to treat deviated septums.
LaserFocus
A game-based device to increase patient adherence to respiratory therapy. Spiro A novel sensor that detects biologically inactive chemicals found in asthma medications.
Expira
An LED surgical headlamp design that provides automatic lighting capability while reducing battery usage and encouraging hands-free operation.
Medlight
An educational entertainment technology system that incorporates Maker Space products in interactive art for use by children in hospital settings.
Maker erapy: Mobile
An intracranial access probe that monitors temperature at di erent depths alongside brain cooling technologies for cerebral tissue preservation during induced hypothermia.
Stempoint
A dual component system that combines negative pressure wound therapy with micro-nano bubble technology.
BubTech
A wearable sending device that accurately detects user food intake. Diet Tech Project's "Company" Name Description "It allowed me to get an insight into the process of how to develop a biomedical device from start to end. It also taught me how to develop a business plan and make a device into a viable product to be sold on the market. "
Most notably, the survey revealed that 43 of the 110 students had filed a record of invention or provisional patent. This shows that approximately 39% of the projects had entrepreneurial success and are actively being pursued by students even after the completion of the BioENGINE program, highlighting the impact of the BioENGINE program on entrepreneurism and invention in biomedical engineering.
In addition to assessing the commercial success of the program, the CLOs and level of attainment achieved each year was also determined (Table 5 ). This was done by comparing student performance on specific assignments used for assessment to a performance standard, which is typically 70%. The percentage of students whose scores met the standard is then used to assess the level of attainment for the CLOs. As seen in Table 5 , the program has the following CLOs (also described in Table 1 ): 1) Demonstrate leadership and teamwork skills in a project team environment; 2) List and define the various steps in bringing a biomedical product from concept to A wearable device that tracks hand motion to automatically monitor how many times a person puts a cigarette to their mouth throughout the day.
ProMotion
A high precision measurement tool that achieves the optical resolution necessary to stimulate individual neurons in vitro.
Hippo Optics
A tetrahydrocannabinol detector for law enforcement o cers that uses saliva based samples to detect and quantify the Tetrahydrocannabinol (THC) level.
Cannalyst
A color metric detection tool that quantifes the THC level in an assay. Greenlight An arti cial cornea implant with functionalized surfaces aimed at restoring sight for the visually impaired.
NanoCurv Impressions
A diagnosis device that increases the sample volume of a thermal cycler for polymerase chain reaction technology.
PCRbot
A wearable bra that aids in the early detection of breast cancer by using ultrasound sensors to detect potential irregularities in the breast tissue. market; 3) Identify the realistic constraints of the team project; 4) Identify and assess challenges in each of the steps; 5) Articulate the impacts of the project in a global, economic, environmental and societal context; 6) Design and conduct experiments to verify team projects requirements; 7) Use knowledge in mathematics, statistics, biological sciences, physical sciences, and engineering to solve the problems at the interface of engineering and biology whenever required; 8) Use the appropriate computer tools to design, model, simulate, and/or operate the team projects; 9) Apply engineering principles and practices to meet the challenges; 10) Demonstrate oral communication skills in presenting team projects; 11) Establish initial contacts with major local biomedical engineering companies; and 12) Demonstrate knowledge of contemporary issues related to biomedical engineering. It can be seen from the CLOs and Table  5 below that over 80% of the students were able to easily attain all CLOs each year. Furthermore, analysis of student demographics such as age, gender, socioeconomic status, and under-represented minority status revealed that there was no significant difference between those students who met or did not meet the CLOs.
LESSONS LEARNED AND IMPROVEMENTS
After three years of implementation, several improvements to the BioENGINE program will be made to better ensure student and project success. First, students who are not interested in pursuing entrepreneurial careers mentioned that industry-related projects should be made available so that students are able to develop projects that better match their ultimate career goals. As a result, projects will be split into entrepreneurial or industrial categories, which are those that are based off existing provisional patents or those that are being developed by industry but not directly related to their product line, respectively. Furthermore, during the feedback survey, students mentioned that there is a need to further clarify the assignments and their relationship to project completion. This will be improved by arranging assignments to be performed immediately after relevant lectures and highlighting which assignments Table 5 . CLO Attainment Levels of the BioENGINE program* *CLOs were determined by comparing scores for assignments used for assessment to a performance standard, typically 70%. Note that due to so ware issues in 2016-2017, performance data is not available for this year. CLOs (see Table 1 pertain to which portions of the project milestones, such as identifying clinical need, materials selection, and identification of design and acceptance criteria.
CONCLUSION
The BioENGINE program at UCI's Department of Biomedical Engineering has already been able to make significant successful outcomes in terms of innovation and entrepreneurship skill development as well as technical and engineering design development. New technologies have been generated as a result of the program, and many projects have generated intellectual property and even start-up companies. Such an undergraduate training program in innovation and enterprise is an important step in sustaining and increasing technological economic development in the U.S., and there is evidence that other institutions, such as Stanford University, agree. Although the program is young, with continuous improvement, the BioENGINE program may come to serve as a roadmap for other biomedical senior capstone courses to become successful in preparing future engineering leaders and innovators.
